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ABSTRACT 
 
Understanding emerging viruses is critical for disease monitoring and 
prediction; however, surveys of novel viruses are hindered by the lack of a 
universal assay for viruses. Viral metagenomics, consisting of viral particle 
purification and shotgun sequencing, is a powerful technique for discovering 
viruses in a wide variety of sample types. However, current protocols are not 
effective on tissue samples (e.g., lungs, livers and tumors), where they are 
hindered by the high amount of host nucleic acids which limits the percentage of 
sequences that originate from viruses. In this dissertation, a modified viral 
metagenomics protocol was developed and utilized to effectively purify viruses 
from tissues, enabling the sequencing of novel viruses from animals, plants, and 
insect vectors.  
Viral metagenomics performed directly on tissue samples enabled the 
discovery of novel vertebrate, plant, insect and bacterial viruses. From a sea 
turtle fibropapilloma, viral metagenomics revealed a novel tornovirus STTV1, 
which is only the second single-stranded DNA virus known in reptiles and is 
extremely different from any previously described viruses. Similarly, from the lung 
of a sea lion involved in a mortality event, viral metagenomics identified a novel 
sea lion anellovirus (ZcAV), which is the first anellovirus characterized from a 
 v 
marine animal. The STTV1 and ZcAV genomes were highly divergent from 
known viruses, to a degree that they could not have been detected by 
degenerate PCR assays or microarrays, demonstrating viral metagenomics as 
an effective method for characterizing novel viruses.  
In addition to discovery of viruses in individual diseased animals, this 
dissertation pioneered a technique called vector-enabled metagenomics (VEM) 
to examine viruses present in insect vectors. VEM combines the power of 
metagenomics to sequence novel viruses with the ability of insect vectors to 
integrate viral diversity over space, time, and many host individuals and species. 
VEM allows for the investigation of viral diversity among the broad range of hosts 
that the insects feed on, providing an unprecedented snapshot of the viral 
diversity in natural reservoirs. This dissertation describes the first viral 
metagenome performed on mosquitoes and whiteflies, providing significant 
insights to the viral diversity in animal and plant reservoirs. Both animal and plant 
viruses were represented in the mosquito viromes, which likely originate from 
animal blood and plant nectar that the mosquitoes feed on. Mosquito viromes 
contained a diverse range of viruses, including vertebrate, insect, plant, and 
bacterial viruses, and almost all the viral sequences were novel, suggesting the 
pan-animal virome is largely uncharacterized. In contrast, only plant viruses were 
observed in the whitefly viromes because whiteflies feed solely on plants. 
Whitefly viromes contained known and novel viral sequences infecting crops, 
novel viral sequences infecting native plants, as well as novel satellites that were 
the first viral satellites to be documented in North America. Distinct viromes were 
 vi 
found amongst the three mosquito samples as well as between the two whitefly 
samples, demonstrating the diverse and dynamic nature of the viruses in plant 
and animal reservoirs.  
By enabling the discovery of virus in diseased organisms and in insect 
vectors, viral metagenomics is a powerful technique that will significantly 
enhance our fundamental scientific understanding of the diversity, transmission, 
biogeography, and emergence of viruses. The viral metagenomic approach 
described here has implications for surveillance of emerging viruses, prediction 
of viral epidemics, and proactive control of diseases. 
 
 
 
 
1 
 
 
 
 
CHAPTER 1: INTRODUCTION 
 
 
Emerging viral diseases cause epidemics in humans, animals and plants. 
Emerging animal viruses often originate through interactions between animals 
and humans, either created by inter-specific transmission, or mediated by an 
insect vector (Fig. 1). Although animal viruses are the source of most human viral 
epidemics (Cleaveland et al., 2001; Wolfe et al., 2007), such as severe acute 
respiratory syndrome coronavirus (SARS-CoV) , human immunodeficiency virus 
(HIV) and avian flu H5N1, these emerging viruses were not known in the animals 
until they became infectious to humans (Gao et al., 1999; Guan et al., 2002; 
Guan et al., 2003). Inversely, a number of human viruses, such as 
metapneumovirus and influenza virus, cause infection in animals (de Jong et al., 
2007; Kaur et al., 2008; Yu et al., 2009), in a process called reverse zoonosis 
(Fig. 1). Certain viruses (arboviruses) can be transmitted by insects (Mellor, 
2000), causing severe diseases in humans (e.g. yellow fever, dengue and 
various encephalitis), in animals (e.g. bluetongue disease), or in both (e.g. Rift 
Valley fever, West Nile encephalomyelitis). As of 2008, 188 human viruses have 
been described (Woolhouse et al., 2008). Of the viruses known to infect humans, 
75% are zoonotic, which accounts for 80% of the emerging viruses (Taylor et al., 
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2001). Considering the vast number of animal species, and the fact that each 
animal species likely hosts a broad range of viruses, the total reservoir of animal 
virus diversity is enormous. However, our knowledge of the diversity of viruses 
infecting non-human animals is severely limited. Understanding virus diversity 
and the dynamics amongst human, animal, and insect vector reservoirs is of 
critical importance for protecting public health. 
Similarly, emerging plant viruses post serious threats to agriculture around 
the world, but our understanding of viral diversity in plants is extremely limited. 
Plant viruses (such as begomoviruses) are limiting factors in the production of 
tomato, pepper, squash, melon, cotton in the subtropics and tropics, and have 
caused widespread famines in the developing world (Legg & Fauquet, 2004). 
Surveillance of plant viruses is biased towards agents of visible and economically 
important diseases in crops. Little is known about the potentially emergent 
viruses in crops that have not yet made their presence known, or the viruses that 
are circulating in native plants (Fig. 1). However, these undiscovered viruses can 
provide a reservoir of biodiversity for recombination and reassortment with 
existing pathogenic plant viruses, and evolve into highly virulent pathogens 
(Brown, 2000; Zhou et al., 1997; Zhou et al., 1998). Most known plant viruses are 
exclusively vector-transmitted (Blanc, 2004), so virus diversity in insect vectors 
such as whiteflies encompasses plant viruses that are potentially mobile amongst 
plants. Understanding viral diversity and dynamics between crops, native plants 
and insect vectors is important for monitoring emerging plant diseases (Fig.1).  
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One of the barriers to monitoring emerging viruses in different reservoirs is 
the lack of an effective method to characterize novel viruses. Current viral 
identification techniques have limited capability for characterizing novel viruses 
due to their specificity. Diagnostic methods such as ELISA with antibodies for a 
specific virus, PCR or microarrays with primers designed for a specific virus, or 
PCR with degenerate primers that amplify a closely related group of viruses are 
effective methods for detecting close relatives of known viruses (e.g. Symonds et 
al., 2009; Wang et al., 2002). However, these methods are not capable of 
identifying novel viruses for which specific assays do not exist. Viral particle 
purification and shotgun sequencing (viral metagenomics) has recently emerged 
as an effective method for describing novel viruses, including those with limited 
homology to previously described viral families (reviewed in Delwart, 2007; 
Edwards & Rohwer, 2005). In viral metagenomics, viral particles are purified from 
host cells, bacteria, and free nucleic acids. The purified viral DNA is then 
amplified using sequence-independent methods and shotgun sequenced. The 
proportion of virus sequences resulting from the total sequencing effort is 
dependent on  the purity of the viruses. Therefore, effective purification of viruses 
is critical for viral metagenomics. Although viral metagenomics has the potential 
to characterize novel viruses in various animal and plant samples, most 
applications to date have been limited to samples that contain low host nucleic 
acids, such as nasal samples (Allander et al., 2007; Allander et al., 2005; 
Nakamura et al., 2009; Willner et al., 2009), fecal samples (Blinkova et al., 2009; 
Blinkova et al., 2010; Breitbart et al., 2008; Cann et al., 2005; Kapoor et al., 
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2008; Nakamura et al., 2009; Victoria et al., 2009; Zhang et al., 2006) and blood 
(Breitbart & Rohwer, 2005; Jones et al., 2005). Performing viral metagenomics 
directly on tissue samples (e.g., lungs, livers and tumors) has been hindered by 
the high amount of host nucleic acids, which limits the percentage of resulting 
sequences that originate from viruses. This dissertation describes a modification 
of current viral metagenomics protocols in order to effectively purify viruses from 
tissues, enabling the sequencing of novel viruses. 
Although identifying etiological agents actively infecting individual animals 
is important, the best defense against emerging infectious diseases is to 
proactively understand the source of these viruses in animal and plant reservoirs 
(Fig.1). By understanding natural viral diversity, we can better prepare for 
emerging viral pathogens before they reach epidemic proportions. However, 
broad surveys of natural viral diversity are technically challenging due to the 
inability to sample a sufficient number of individuals from different host species 
and the difficulty of characterizing previously undescribed viruses. An effective 
strategy must be capable of simultaneously identifying a wide range of viral types 
in a large number of individuals. Since whiteflies and female mosquitoes feed on 
a wide range of animals and plants (Fig.1), they effectively sample numerous 
important viral reservoirs. In this dissertation, I have developed the use of vector-
enabled metagenomics (VEM) to assess the diversity of viruses found in insect 
vectors and the hosts they feed upon. This method combines the power of 
metagenomics for discovering novel viruses with the natural ability of insect 
vectors to integrate viral diversity over space, time, and many hosts. 
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This Ph.D. dissertation describes the use of viral metagenomics to 
discover novel viruses in  
 A sea turtle fibropapilloma (Chapter 2). Fibropapillomatosis (FP) is a 
debilitating neoplastic disease affecting sea turtles worldwide (Greenblatt et 
al., 2005). As all species of marine turtles are either endangered or 
threatened, the additional stress of FP poses a potential threat to the future 
survival of sea turtles. Although current evidence strongly supports the 
involvement of an alphaherpesvirus, fibropapillomatosis-associated turtle 
herpesvirus (FPTHV) (Lackovich et al., 1999; Lu et al., 2000; Quackenbush 
et al., 2001; Quackenbush et al., 1998; Yu et al., 2001), the etiological agent 
responsible for fibropapillomatosis is still unconfirmed. Viral metagenomics 
was performed to determine if any other DNA viruses (in addition to FPTHV) 
were found in the fibropapilloma of a Florida green sea turtle (Chelonia 
mydas). A novel single-stranded DNA virus, sea turtle tornovirus 1 (STTV1), 
was discovered. The single-stranded, circular genome of STTV1 was 
approximately 1800 nucleotides in length. STTV1 only has weak amino acid 
level identities (25%) to Chicken Anemia Virus (CAV) in short regions of its 
genome, hence STTV1 may represent the first member of a novel virus 
family. A total of 35 healthy turtles and 27 turtles with FP were tested for 
STTV1 using PCR, and only two turtles severely afflicted with FP were 
positive. Since STTV1 was not found in the majority of the FP turtles, it does 
not appear to be the causative agent of FP. However, the biological effects 
of this virus need further examination, since the affected turtles were 
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systemically infected with STTV1. STTV1 exists as a quasispecies, with 
several genome variants identified in the fibropapilloma of each positive 
turtle, suggesting rapid evolution of this virus.  
 A sea lion lung (Chapter 3). Mortality events amongst marine mammals are 
common, yet the etiological agents often remain unidentified. To investigate 
potential viral pathogens associated with a mortality event of three captive 
California sea lions (Zalophus californianus), viral metagenomics was 
performed on a lung sample from a post-mortem captive California sea lion. 
This study identified a novel California sea lion anellovirus (ZcAV), with 35% 
amino acid identity to feline anelloviruses in the ORF1 region. The double-
stranded replicative form of ZcAV was detected in lung tissue, suggesting 
that ZcAV replicates in sea lion lungs. Specific PCR revealed the presence 
of ZcAV in the lung tissue of all three sea lions involved in the mortality 
event, but not in three other sea lions from the same zoo. In addition, ZcAV 
was detected at low frequency (11%) in the lungs of free-living sea lions. 
The higher prevalence of ZcAV and presence of the double-stranded 
replicative form in the lungs of sea lions from the mortality event suggest that 
ZcAV was associated with the death of these animals. 
 Animal insect vector - mosquitoes (Chapter 4). Understanding viral 
diversity is critical for disease monitoring and prediction; however, broad 
surveys are hindered by the lack of a universal assay for viruses and the 
inability to sample a sufficient number of individual hosts. This chapter 
describes the development of a new approach, called vector-enabled 
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metagenomics (VEM) to explore the diversity of viruses present in animal 
and plant reservoirs. This method combines the power of metagenomics for 
discovering novel viruses with the natural ability of mosquitoes to integrate 
viral diversity over space, time, and many hosts. Viruses were purified from 
three mosquito samples collected from San Diego, California and 
approximately half a million sequences were generated for each mosquito 
DNA virome. The majority of the sequences were novel, suggesting that the 
viral community in mosquitoes, as well as the animal and plant hosts they 
feed on, is highly diverse and largely uncharacterized. The mosquito viromes 
contained a broad range of sequences related to animal, plant, insect and 
bacterial viruses. Animal viruses identified included representatives from the 
Anelloviridae, Circoviridae, Herpesviridae, Poxviridae and Papillomaviridae 
families, which mosquitoes may have obtained from viremic vertebrate hosts 
during blood feeding. One virome contained sequences closely related to 
human papillomavirus 23, as well as a novel papillomavirus. Sequences 
related to plant viruses (Geminiviridae / Nanoviridae) were identified in all 
three viromes, which were potentially acquired when the mosquitoes fed on 
plant nectar. Diverse bacteriophages and insect viruses were identified, 
including a novel densovirus likely infecting Culex erythrothorax. The three 
mosquito viromes had distinct virus profiles, demonstrating heterogeneity in 
local virus reservoirs and the advantages of this technique for sampling the 
total viral community.  
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 Plant insect vector - whiteflies (Chapter 5). Current knowledge of plant 
virus diversity is biased towards agents of visible and economically important 
diseases. Little is known about viruses that have not caused major diseases 
in crops, or viruses from native vegetation, which are a reservoir of 
biodiversity that can contribute to viral emergence. Since the majority of 
known plant viruses are exclusively vector-transmitted (Blanc, 2004), 
examination of insect vectors presents an excellent opportunity to explore 
the diversity of plant viruses. The whitefly Bemisia tabaci species complex is 
an important vector of many plant viruses. Vector-enabled metagenomics 
was employed to examine the DNA viruses circulating in whiteflies collected 
from two important agricultural regions in Florida, USA. VEM successfully 
characterized the active and abundant viruses that produce disease 
symptoms in crops, as well as the less abundant viruses infecting adjacent 
native vegetation. PCR assays designed from the metagenomic sequences 
enabled the complete sequencing of four novel begomovirus genome 
components, as well as the first discovery of plant virus satellites in North 
America. One of the novel begomoviruses was subsequently identified in 
symptomatic Chenopodium ambrosiodes from the same field site, validating 
VEM as an effective method for proactive monitoring of plant viruses without 
a priori knowledge of the pathogens.  
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Figure 1. Conceptual diagram showing the dynamics among viral 
reservoirs, such as animals, humans, native plants, crops, and insect 
vectors. Mosquitoes and whiteflies are examples of the insect vectors for animal 
and plant viruses respectively. 
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CHAPTER 2: DISCUSSIONS 
 
This dissertation developed methods for performing viral metagenomics 
directly from tissue samples, which was applied to several animals and insect 
vectors, resulting in the discovery of a diverse range of novel vertebrate, plant, 
insect and bacterial viruses. Current viral identification techniques detect viruses 
using assays designed based on known sequences. While they can successfully 
detect close relatives of previously described viruses (e.g. Symonds et al., 2009; 
Wang et al., 2002), these methods are ineffective for discovery of novel viruses 
with divergent genomes. As a sequence-independent method, viral 
metagenomics overcomes the limitations of current diagnostic methods for 
describing novel viruses, and is not restricted by host organism, tissue type, or 
prior knowledge of the virus types present.  
The two marine animal samples examined in this study using viral 
metagenomics emphasize the advantage of this method for discovery of 
divergent viruses. From a sea turtle fibropapilloma, viral metagenomics revealed 
a novel tornovirus STTV1 (Chapter 2). Sea turtle tornovirus 1 is only the second 
single-stranded DNA virus known in reptiles, and the genome of STTV1 is 
extremely different from any previously described viruses. Similarly, a novel sea 
lion anellovirus (ZcAV) was characterized using metagenomics from the lung of a 
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sea lion involved in a mortality event (Chapter 3). ZcAV is the first anellovirus 
described from a marine animal, and the virus was subsequently detected in 
other post-mortem sea lions in the same mortality event and other wild California 
sea lions. The STTV1 and ZcAV genomes were highly divergent from any current 
Genbank viral sequences, to a degree where they would not have been detected 
by degenerate PCRs or microarrays, validating viral metagenomics as an 
effective method for characterizing novel viruses.  
Although viral metagenomics is a powerful technique for describing novel 
viruses, one key difficulty in applying this method to tissues is to effectively 
remove the background host nucleic acids while preserving viral nucleic acids. 
Previously published viral metagenomic techniques worked with samples 
containing low level of host nucleic acids, such as nasal samples (Allander et al., 
2007; Allander et al., 2005; Nakamura et al., 2009; Willner et al., 2009), fecal 
samples (Blinkova et al., 2009; Blinkova et al., 2010; Breitbart et al., 2008; Cann 
et al., 2005; Kapoor et al., 2008; Nakamura et al., 2009; Victoria et al., 2009; 
Zhang et al., 2006) and blood (Breitbart & Rohwer, 2005; Jones et al., 2005). 
This dissertation described an effective method to purify viruses directly from 
tissues without contamination from the high amount of background host nucleic 
acid by combining steps of centrifugation, filtration, and chloroform and nuclease 
treatments. With such methodological advances, we were able to describe novel 
viruses directly from tissues, such as tumors (Chapter 2) and lungs (Chapter 3). 
Since metagenomics can be performed on pooled samples from many 
individuals, this method enables the exploration of viruses infecting a population 
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or species in a given region, which will be important for understanding viruses 
affecting ecologically or economically important species, including humans, 
endangered species, and crops. 
Most previous metagenomic studies have characterized viruses from one 
host species at a time; therefore, the total virus diversity in animal and plant 
reservoirs remains largely unknown. Although understanding the complement of 
viruses present in natural reservoirs is critical for monitoring emerging viruses 
(Fig. 1), achieving such a goal is challenging due to the difficulty of sampling a 
sufficient number of individuals and host species. In order to investigate the viral 
diversity in animal and plant reservoirs, this dissertation pioneered a technique 
called vector-enabled metagenomics (VEM), which combines the power of 
metagenomics to sequence novel viruses and the ability of insect vectors to 
integrate viral diversity over space, time, and many host individuals and species. 
VEM allows for the investigation of viral diversity among the broad range of hosts 
that the insects feed on, providing an unprecedented snapshot of the viral 
diversity in natural reservoirs. Mosquito viromes (Chapter 4) contained a diverse 
range of viruses, including vertebrate, insect, plant, and bacterial viruses. This 
was the first viral metagenomic study performed on mosquitoes, and almost all 
the viral sequences were novel, suggesting the pan-animal virome is largely 
uncharacterized. Whitefly viromes (Chapter 5) contained known and novel viral 
sequences infecting crops, novel viral sequences infecting native plants, and 
novel satellites that were the first viral satellites to be documented in North 
America. As the first viral metagenome performed on whiteflies, this study 
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demonstrated a diverse range of geminiviruses and satellites present in 
whiteflies. Both studies validate the effectiveness of VEM in characterizing viral 
diversity in insect vectors, providing a snapshot of the viral diversity in animal and 
plant reservoirs.  
VEM revealed fundamental differences in the viral diversity represented in 
mosquitoes and whiteflies (Table 1, Fig. 2). The majority of the mosquito virome 
sequences (48%-80%) had no significant similarities to the Genbank non-
redundant database, representing uncharacterized viral genomes too divergent 
to be identified (Fig. 2). This is consistent with other DNA viromes from animals 
(e.g., Breitbart & Rohwer, 2005) or environmental samples (e.g., Breitbart et al., 
2002), which are dominated by „unknown‟ sequences with no significant 
homology to characterized genes. Most identified viral sequences in the 
mosquito viromes had only low levels of amino acid identities to known viruses 
(Table 1), suggesting a highly novel and diverse viral community sampled by the 
mosquitoes. In contrast to the mosquito viromes, the whitefly viromes had an 
extremely high percentage of identifiable viral sequences. More than 79% of the 
sequences in each virome had both high amino acid (Fig. 2) and nucleotide 
identities to known plant viruses. It should be noted that the ability to identify a 
virus depends on the available sequences in the database. The whitefly-
transmitted geminiviruses have been studied extensively (Brown, 1994; Brown & 
Bird, 1992; Mansoor et al., 2003; Polston & Anderson, 1997), with more than two 
hundred whitefly-transmitted viruses described (Fauquet et al., 2008). On the 
other hand, most mosquito virus studies have focused on detecting specific, well-
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described RNA arboviruses (such as Huang et al., 2001; Kuno, 1998), and 
relatively little is known about DNA viruses in mosquitoes, except for a few 
animal papillomavirus and poxviruses (Brody, 1936; Chihota et al., 2001; Dalmat, 
1958; Fenner et al., 1952; Kilham & Dalmat, 1955; Tripathy et al., 1981). The 
discrepancy between the mosquito and whitefly viromes can be explained by the 
differences in current knowledge of DNA viruses in whiteflies versus mosquitoes. 
Although the mosquito viromes were dominated by unknown sequences 
(Fig. 2), ongoing advancement of virus discovery can help elucidate the identities 
of these sequences. For example, some of the sequences identified in the 
mosquito viromes only had significant similarities to HPV112, and were unrelated 
to other HPV types (Chapter 5). Prior to the recent discovery of HPV112 
(Ekström et al., 2010), these sequences had no significant BLAST similarities, 
and were considered “unknown”. This demonstrates that increasing knowledge of 
virus diversity has the potential to reveal the identities and hosts of many of the 
unknown sequences identified through metagenomics in the future.  
Both animal and plant viruses were represented in the mosquito viromes 
(Fig. 2, Table 1A). These viruses likely originate from animal blood and plant 
nectar that the mosquitoes feed on. In contrast, only plant viruses were observed 
in the whitefly viromes (Fig. 2, Table 1B) because whiteflies feed solely on plants. 
Since the Genbank database is biased towards viral sequences from humans 
and important crops, recognition of these viruses is more likely than recognition 
of viruses from other animals and native plants. For example, although the 
mosquitoes feed on both humans and animals, the only vertebrate viruses 
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identified with high sequence identities were the human papillomaviruses, and 
the other animal viruses identified only had weak amino acid level identities.  
 Each insect vector virome investigated had a distinct virus profile. 
Distinct viromes were found amongst the three mosquito samples (Chapter 4 and 
Table 1), as well as between the two whitefly samples (Chapter 5 and Table 1). 
Differences in virus profiles may be due to changes in the viral community over 
space or time, driven by interactions of the insect vectors with hosts in their local 
environments. Regardless of the factors driving the differences amongst viromes, 
these data demonstrate the dynamic nature of the viruses in the natural 
reservoirs, and that the insect vectors effectively sample the heterogeneity in the 
circulating viral community.  
 Virus discovery is the first step and often the limiting step in disease 
surveillance and preventive medicine (Fig. 3). Current diagnostic tests, such as 
PCR, qPCR and microarrays, excel at monitoring for known viruses, but have 
limited capacity for characterizing novel viruses. Viral metagenomics overcomes 
many difficulties of virus discovery, and once the virus is characterized, this 
enables the development of specific tests for the novel viruses, allowing for 
further investigation (Fig. 3). Because metagenomics provides sequence 
information, numerous tests (PCR, qPCR and microarrays) can be designed and 
performed downstream to monitor the viruses and determine their prevalence in 
healthy and diseased populations. The presence of a viral sequence does not 
establish a link between the virus and disease; however, knowing the sequence 
from a putative pathogen can facilitate diagnostic tests such as in situ 
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hybridization and replicative form analysis, to connect viral infection with disease 
symptoms. According to the Baltimore classification, group II ssDNA viruses, 
group IV (+) ssRNA viruses, group VI (+) ssRNA viruses and group VII dsDNA 
viruses all have replicative form intermediates different from the packaged viral 
nucleic acids (Fauquet et al., 2005). Analysis of the replicative forms using 
molecular techniques can reveal whether a virus is actively replicating in the 
diseased tissue. Furthermore, in situ hybridization enables the visualization of the 
viruses in microscopy using a probe specific to the virus, and when combined 
with histological analysis, can link a virus to disease symptoms  (Weissenböck et 
al., 2004). The unprecedented capability of viral metagenomics for viral discovery 
and its power to facilitate other studies (Fig. 3) will significantly advance our 
understanding of the diversity, reservoirs, and transmission mechanisms of 
viruses. 
 Multiple viruses (tens to hundreds; Chapter 4) can be sequenced in 
a single experiment using metagenomics, rather than tests that assay for a single 
virus at a time and without a priori knowledge of the expected virus types. To 
circumvent problems of sampling a sufficient number of individual hosts, 
examining insects using VEM enables the investigation of viral diversity in 
animal, plant and insect vector reservoirs (Fig. 3 bottom, Fig.1). Such 
investigations reveal the viruses that are potentially circulating between these 
important reservoirs (Fig. 1). For example, HPV23 and a novel papillomavirus 
were characterized in the mosquito virome (Chapter 4), suggesting that human 
papillomaviruses can be acquired by mosquitoes. Understanding the viral 
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diversity in different reservoirs enables us to foresee potential pathogenic viruses 
before they reach epidemic proportions. For example, viral metagenomics 
enabled the discovery of a novel begomovirus from whiteflies in Florida, which 
was subsequently identified in the symptomatic weed Chenopodium 
ambrosiodes from the same field site (Chapter 5). Viral metagenomic 
approaches present a significant advancement from current reactive approaches 
to viral epidemics that don‟t identify a pathogen until it causes major detrimental 
effects. 
By enabling the simultaneous discovery of a wide range of viruses, viral 
metagenomics is a powerful technique that will significantly enhance our 
fundamental scientific understanding of the diversity, transmission, 
biogeography, and emergence of viruses (Fig. 1). Viral metagenomics performed 
on individual animals will identify novel viruses potentially involved in diseases 
(Chapter 2 and 3), while VEM performed on insect vectors will provide a 
snapshot of the pan-animal and pan-plant viromes (Chapter 4 and 5). By 
understanding the viruses in different systems and monitoring the movement 
between them (Fig. 1), viral metagenomics has the potential to transform the field 
of virus surveillance, leading to a paradigm shift from reactive to proactive 
biodefense (Fig. 3). 
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Figure 2. Taxonomic classification of the metagenomic sequences from the 
three mosquito DNA viromes and two whitefly DNA viromes. Classification is 
based on tBLASTx (E-value < 0.001) against the Genbank non-redundant 
database. Mosquito samples were obtained from 3 sites in San Diego: Buena 
Vista Lagoon (Mosquito SD-BVL), River Bank (Mosquito SD-RB), and Wild 
Animal Park (Mosquito SD-WAP). Approximately half a million 454 sequences 
were generated for each of the mosquito viromes. Whitefly samples were 
obtained from 2 sites in Florida: Homestead and Citra. Less than 200 Sanger 
sequences were generated for each of the whitefly viromes. 
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Figure 3. Conceptual diagram showing how viral metagenomics performed 
on diseased organisms and insect vectors facilitates surveillance of 
viruses.  
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Table 1A 
 
Table 1B 
  
Table 1. Classification of sequences in the insect vector viromes, showing 
the most significant matches based on tBLASTx analysis to the Genbank 
non-redundant database, the amino acid identities between the sequence 
queries and the Genbank matches, as well as the families and hosts of the 
Family Hos t Virus Mos  SD-BVL Mos  SD-RB Mos  SD-WAP
Human papillomavirus type 23 91
Human papillomavirus type 112 76
SEN virus 32
Torque teno virus 48
Torque teno douroucouli virus 48
Torque teno tupaia virus 40
Bovine Torque teno virus 69
California sea lion anellovirus 58
Torque teno canis virus 45
Beak and feather disease virus 63 62 61
Canary circovirus 61
Columbid circovirus 66
Duck circovirus 43
Goose circovirus 51
Gull circovirus 49 52 43
Muscovy duck circovirus 50
Raven circovirus 43 68
Cyclovirus Chimp11 50
Cyclovirus NG14 56
Cyclovirus PK5006 50
Environmental Circovirus-like genome 45 65
Poxviridae Bird Canarypox virus 48
Human Human herpesvirus 1 70
Mammal Bovine herpesvirus 34
Ageratum yellow vein virus 54
Bean golden mosaic virus 69
Maize streak virus 53
Miscanthus streak virus 46
Pepper yellow leaf curl Indonesia virus 41
Soybean crinkle leaf virus 46
Squash leaf curl China virus 59
Tomato leaf curl New Delhi virus 54
Tomato leaf curl New Delhi virus 54
Blainvillea yellow spot virus 50
Banana bunchy top virus  53
Coconut foliar decay virus 51
Milk vetch dwarf virus 53
Animal/
Plant? Ageratum yellow vein virus 60
Plant/
Fungi? SsHADV-1 62
Max imum a.a. % s imilar ity
Papillomaviridae Human
Other Mammal
Human
Mos t s ignif icant matches  from Genbank
Primate
Anellovirirdae
Bird
Plant
Plant
Mammal feces
Other
Herpesviridae
Geminiviridae
Nanoviridae
Circoviridae
Family Hos t Virus Citra Homes tead
Anoda geminivirus 96
Cabbage leaf curl Jamaica virus 91
Calopogonium mucunoides begomovirus 100
Cucurbit leaf crumple virus 97
Cucurbit leaf curl virus 100
Macroptilium golden mosaic geminivirus 95
Macroptilium golden mosaic virus 86
Malvastrum yellow mosaic Helshire virus 99
Malvastrum yellow mosaic Jamaica virus 99
Merremia mosaic virus 100
Papaya leaf curl Guangdong virus 82
Sida golden mosaic Florida virus 96
Sida golden mosaic virus 98 100
Sida golden yellow vein virus 98
Sida yellow mosaic Yucatan virus 75
Tobacco leaf curl Cuba virus 96
Tobacco leaf rugose virus 86
Tomato severe rugose virus 77
Tomato yellow leaf curl Sardinia virus 100
Tomato yellow leaf curl virus 100
Wissadula golden mosaic St Thomas virus 88
Wissadula golden mosaic virus 88
Mos t s ignif icant matches  from Genbank Max imum a.a. % s imilar ity
Geminiviridae Plant
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matches. Sequence identities were color coded based on the level of similarity. 
A) Classification of vertebrate and plant virus sequences present in the three San 
Diego mosquito viromes (Appendix 3). B) Classification of virus sequences 
present in the two whitefly viromes (Appendix 4).  
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Appendix 1: Discovery of a novel single-stranded DNA virus from a sea 
turtle fibropapilloma using viral metagenomics 
 
This appendix was published in: 
Terry Fei Fan Ng, Charles Manire, Kelly Borrowman,  Tammy Langer, Llewellyn 
Ehrhart, Mya Breitbart. 2009. Discovery of a novel single-stranded DNA 
virus from a sea turtle fibropapilloma using viral metagenomics. Journal of 
Virology, 83: 2500-2509 
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Appendix 2: Novel anellovirus discovered from a mortality event of captive 
California sea lions 
 
This appendix was published in: 
Terry Fei Fan Ng, William Suedmeyer, Frances Gulland, Elizabeth Wheeler, and 
Mya Breitbart. 2009. Novel anellovirus discovered from a mortality event 
of captive California sea lions. Journal of General Virology, 90:1256 -1261 
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Appendix 3: Vector-enabled metagenomics reveals highly diverse and 
uncharacterized vertebrate, plant, insect, and bacterial viruses in 
mosquitoes 
 
This appendix is in review: 
Terry Fei Fan Ng, Dana Willner, Yan Wei Lim, Robert Schmieder, Betty Chau, 
Christina Nilsson, Simon Anthony, Yijun Ruan, Forest Rohwer, Mya 
Breitbart. 2010. Vector-enabled metagenomics reveals highly diverse and 
uncharacterized vertebrate, plant, insect, and bacterial viruses in 
mosquitoes.  
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Abstract 
Understanding viral diversity is critical for disease monitoring and 
prediction; however, broad surveys are hindered by the lack of a universal assay 
for viruses and the inability to sample a sufficient number of individual hosts. 
Here we report the use of vector-enabled metagenomics (VEM) to provide a 
snapshot of total viral diversity, by combining the power of metagenomics for 
discovering novel viruses with the natural ability of mosquitoes to integrate viral 
diversity over space, time, and multiple hosts. DNA viromes were sequenced 
from three mosquito samples from San Diego, California. The majority of the 
sequences were novel, suggesting that the viral community in mosquitoes, as 
well as the animal and plant hosts they feed on, is highly diverse and largely 
uncharacterized. The mosquito viromes contained sequences related to a broad 
range of animal, plant, insect and bacterial viruses. Animal viruses identified 
included anelloviruses, circoviruses, herpesviruses, poxviruses, and 
papillomaviruses, which mosquitoes may have obtained from vertebrate hosts 
during blood feeding. Notably, human papillomavirus sequences were present in 
one of the mosquito samples. Sequences similar to plant viruses were identified 
in all mosquito viromes, which were potentially acquired through feeding on plant 
nectar. Numerous bacteriophages and insect viruses were also detected, 
including a novel densovirus likely infecting Culex erythrothorax. The distinct 
virus profiles of the three mosquito viromes demonstrated significant 
heterogeneity in local virus reservoirs. By accessing virus diversity through 
sampling insect vectors, VEM can transform current approaches for emerging 
virus surveillance, prediction of viral epidemics, and proactive control of vector-
borne diseases.  
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Author Summary 
Understanding virus diversity is important for protecting animal and human 
health, but characterizing the viral community is challenging due to the vast 
number of species and individuals to sample. In this paper, we pioneer the 
vector-enabled metagenomics (VEM) approach, which involves purification of 
viral particles from insect vectors and metagenomic sequencing of these viruses. 
Because female mosquitoes feed on animal blood and plant nectar, they 
effectively integrate viral diversity over space, time, and many hosts. Here we 
use VEM to describe DNA viruses in three mosquito samples from San Diego, 
California. The majority of the sequences were novel, suggesting that the viral 
community in mosquitoes, as well as the animal and plant hosts they feed on, is 
highly diverse and largely uncharacterized. New animal viruses identified 
included members from the Anelloviridae, Circoviridae, Herpesviridae, Poxviridae 
and Papillomaviridae families, which mosquitoes may have obtained from viremic 
vertebrate hosts during blood feeding. In addition to animal viruses, the mosquito 
samples also contained a broad range of previously described and novel plant, 
insect, and bacterial viruses. This is the first study to access virus diversity using 
metagenomics of insect vectors, demonstrating the potential of VEM for 
transforming the field of virus surveillance. 
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Introduction 
Understanding the total diversity of animal viruses is critical for disease 
surveillance; however, broad surveys of natural viral diversity are technically 
challenging due to the inability to sample a sufficient number of individuals from 
different host species and the difficulty of characterizing previously undescribed 
viruses. An effective strategy for exploring the pan-animal virome would need to 
simultaneously identify a wide range of viral types in a large number of 
individuals. Here we describe the use of vector-enabled metagenomics (VEM) to 
assess the diversity of viruses found in insect vectors and the hosts they feed 
upon. This method combines the power of metagenomics for discovering novel 
viruses with the natural ability of insect vectors to integrate viral diversity over 
space, time, and many hosts. Since female mosquitoes draw blood from a wide 
range of vertebrate hosts including humans, non-human primates, other 
mammals and birds [1], and also feed on plant nectar, they effectively sample 
numerous important viral reservoirs.  
  
Viruses present in mosquitoes can include viruses that are biologically or 
mechanically transmitted by these vectors, as well as other viruses that are not 
transmitted by mosquitoes but are drawn indiscriminately from host reservoirs. 
To date, the majority of mosquito virus studies have focused on the detection of 
specific, well-described RNA arboviruses [i.e., 2,3]. Characterizing new viruses is 
difficult due to limitations of current detection methods [4]. Many viruses cannot 
be cultured in the laboratory, and methods such as degenerate PCR and pan-
viral microarrays are ineffective for discovering novel viruses that share limited 
homology to known viruses in the database [5]. To circumvent these issues, 
recent studies have demonstrated the effectiveness of viral particle purification 
and shotgun sequencing (viral metagenomics) for describing novel viruses 
[reviewed in 4,6]. Using viral metagenomics, novel viruses have been 
characterized from nasopharyngeal aspirates [e.g., 7], fecal samples [e.g., 8,9], 
blood [10,11], and tissue samples such as lungs [12,13] and tumors [14]. 
However, to date, no published studies have applied metagenomic sequencing to 
explore the diversity of viruses present in mosquitoes.  
 
In this study, we developed a unique method for characterizing viral diversity that 
capitalizes upon the ability of insect vectors to feed on a variety of hosts and the 
power of metagenomic sequencing for discovering novel viruses. This approach, 
called vector-enabled metagenomics (VEM), provides a snapshot of the viral 
diversity circulating in a region, including viruses that infect the mosquitoes 
themselves, as well as viruses infecting the many animals and plants that the 
mosquitoes feed upon. Sequencing of the DNA viral communities (viromes) in 
three different mosquito samples from San Diego, California resulted in the 
discovery of numerous novel animal, plant, insect, and bacterial virus sequences, 
demonstrating the effectiveness of the VEM approach for virus surveillance.  
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Results and Discussion 
Novel and largely unexplored virus sequences in mosquitoes 
For each of the three mosquito viromes, approximately half a million sequences 
were generated from purified viral DNA (Table S1). Based on the most significant 
tBLASTx similarities, the mosquito viromes contained sequences related to a 
wide range of animal, insect, plant, and bacterial viruses (Fig. 1B). Sequences 
with nucleotide-level identity to previously described viruses were limited to 
mosquito densoviruses, human papillomavirus 23 (HPV23), and a few phages 
(95-100% identities, Tables S3 and S4). The majority of the virome sequences 
were completely unknown and most recognizable viral sequences had only low 
levels of similarity to known viruses (32-70% amino acid identity), suggesting a 
highly novel and diverse viral community sampled by the mosquitoes. 
 
Unclassified sequences likely represent novel viruses 
The majority of the sequences in all mosquito viromes were completely 
unidentifiable based on sequence similarity (>48%, Fig. 1A), which is consistent 
with other viromes [11,13,14,15]. This suggests that the reservoir of viruses 
present in the mosquitoes is novel and largely unexplored. Since sequencing 
was performed on purified virus particles, these divergent sequences likely 
originated from uncharacterized viral genomes. However, ongoing advancement 
of animal virus discovery can help elucidate the identities of these virus 
sequences found in mosquitoes. For example, Mosquito VEM Papillomavirus - 
SDRB AE – AG only have significant similarities to HPV112, and are unrelated to 
other HPV types (see below). Prior to the discovery of HPV112 from human skin 
within the past few months [16], these contigs had no significant BLAST 
similarities, and were considered “unknown”. This example demonstrates that 
many of the unidentifiable sequences likely represent novel viruses that are too 
divergent from known viruses to be recognized by sequence similarity searches. 
Increasing knowledge of animal and plant virus diversity has the potential to 
reveal the identities and hosts of these unknown viral sequences in the future. 
 
Distinct viromes of the three mosquito samples 
Each mosquito virome contained BLAST similarities to a different complement of 
viruses. The distinct viromes were confirmed by specific PCR showing that 
viruses could generally only be amplified from the sample where they were 
originally identified (Table S2). Two exceptions to this trend were the 
densoviruses, which were present in all samples, and Mosquito VEM Anellovirus 
– SDWAP B, which was detected in both of the samples examined by PCR. 
 
In addition, cross-BLASTn analysis was used to determine the percent of 
sequences shared between the three metagenomes (Table S5). Mosquito SD-
RB and SD-WAP had few common sequences (5%), while each shared slightly 
more sequences with SD-BVL (12% and 11% respectively). Most sequences 
shared between samples were related to mosquito densoviruses, while unknown 
sequences and sequences similar to other viral genomes were less likely to be 
shared. This suggests that each mosquito virome shared a small core 
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component, largely composed of insect viruses infecting mosquitoes. The larger 
component of the virome, consisting of animal, plant and bacterial viruses, is 
more variable, and thus distinct between samples. This reflects the dynamic 
nature of the viral community sampled by the mosquitoes.  
 
The distance between mosquito sampling sites is 30-50 km (Fig. S1), which is far 
greater than the average flight range for a host-seeking Culex erythrothorax 
mosquito [17,18]. The SD-WAP sample consisted exclusively of C. erythrothorax 
mosquitoes collected from an inland region of San Diego County in 2009, while 
both the SD-RB and SD-BVL mosquito samples consisted of mixed mosquito 
species drawn from coastal regions in 2006. Since mosquitoes draw blood within 
a radius of a few hundred meters, each mosquito sample should reflect a brief 
snapshot of the local animal virus diversity on that scale. The three mosquito 
samples were of different species composition and were collected in different 
locations at different times. Distinct viral profiles may be due to changes in the 
viral community over space or time, driven by interactions of the mosquitoes with 
hosts in their local environments. Regardless of the factors driving the 
differences between mosquito viromes, these data demonstrate the diverse and 
dynamic nature of the viral community sampled by the mosquitoes.  
 
Animal viruses identified in mosquitoes 
Contiguous sequences (contigs) assembled from the mosquito viromes had 
similarities to five families of animal viruses, namely Anelloviridae, Circoviridae, 
Herpesviridae, Poxviridae and Papillomaviridae (Fig. 2), that infect a wide range 
of hosts including humans, primates, other mammals, and birds. Although other 
mosquito species can be specific in the hosts they feed on, Culex erythrothorax 
feed on a variety of mammals and birds opportunistically [18], allowing them to 
sample viruses from many different animal hosts. Although this is not an 
exhaustive investigation of total animal virus diversity, metagenomics performed 
on insect vectors with broad host ranges provides a way to elucidate a portion of 
the pan-animal virome.  
 
Papillomaviruses  
Sequences related to novel and previously described papillomaviruses were 
identified in the Mosquito SD-RB virome. Numerous sequences had >95% 
nucleotide identity to human papillomavirus type 23 (HPV23) (Table S4). 
Comparison with the HPV23 genome revealed near-complete coverage from the 
metagenomic sequences (Fig. 3). Additionally, sequences related to human 
papillomavirus type 112 (HPV112) were identified. Mosquito VEM Papillomavirus 
- SDRB AE shared 91% nucleotide identity to the E1 gene of HPV112. Mosquito 
VEM Papillomavirus SDRB AF and AG (MosVemPapAG) shared only 76% and 
71% nucleotide identities respectively to the minor capsid protein L2 gene of 
HPV112, and did not have any significant nucleotide identities to any other HPV 
types. Phylogenetic analysis based on this partial minor capsid protein region 
showed that MosVemPapAG is most closely related to HVP112, and belongs to 
the cutaneous gamma-papillomavirus genus (Fig. 4). Although we cannot confirm 
54 
 
the host of MosVemPapAG, it groups phylogenetically with other human 
papillomaviruses. All papillomavirus sequences identified in the mosquitoes 
belonged to the cutaneous groups (beta and gamma groups), suggesting that 
mosquitoes may acquire papillomaviruses from the host‟s skin during feeding. 
 
Although more than 80% of normal human skin harbors papillomaviruses [19], 
human papillomaviruses have not previously been described in mosquitoes. This 
study is the first demonstration of a human papillomavirus (HVP23) in 
mosquitoes, and also provides evidence that mosquitoes can harbor novel 
papillomaviruses. Papillomaviruses were only identified in one of the mosquito 
samples, suggesting that these viruses may only be present in mosquitoes 
sporadically. It was previously noticed that mosquitoes can transmit rabbit 
papillomavirus [20]; however, further research is needed to determine the 
prevalence and transmission potential of different types of human 
papillomaviruses in mosquitoes. 
 
Anelloviruses and Circoviruses  
All anellovirus sequences identified in the viromes were novel (<70% amino acid 
identity to known anelloviruses, Fig. 2 and Table S2), suggesting that the animal 
hosts the mosquitoes feed on contain largely uncharacterized anellovirus 
diversity. The complete genomes of four putative viral genomes were sequenced 
(Fig. 3). Phylogenetic analysis based on the complete nucleotide sequence of 
ORF1 placed SD-BVL and SD-RB anelloviruses into the Torque teno virus (TTV) 
group, but forming a distinct genetic lineage from other TTV sequences (Fig. 5). 
Anellovirus genomes from an individual sample were closely related to each 
other, but unique genomes were found in different mosquito samples. In addition 
to the complete genomes, partial contigs with similarity to bovine TTV, human 
TTV, and human SEN virus were identified (Fig. 2 and Table S2).  
 
A diverse range of circoviruses was identified in the mosquito samples (Fig. 2 
and Table S2). No significant pairwise nucleotide identity was shared between 
the replication genes of any of the circoviruses (data not shown), suggesting that 
these contigs represent distinct viral genomes. PCR assays for SD-BVL 
circovirus sequences were positive in the sample they originated from, but 
negative in the SD-WAP sample (Table S2), suggesting distinct circoviruses 
were present in each virome. 
 
These results demonstrate that the pan-animal virome contains diverse and 
largely uncharacterized circoviruses and anelloviruses, which mosquitoes may 
routinely obtain from viremic hosts during blood feeding. Viruses belonging to the 
Circoviridae and Anelloviridae families contain small, circular, single-stranded 
DNA genomes, and are usually identified in blood [21,22]. Circoviruses are 
known to infect birds and pigs [reviewed in 23], and diverse circoviruses have 
been identified in aquatic environments [15,24,25], as well as in human, 
chimpanzee and bat feces [26,27,28,29].The identification of sequences similar 
to avian circoviruses in mosquitoes is interesting because birds are the reservoir 
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and secondary amplifying hosts of many mosquito-transmitted arboviruses, such 
as Eastern, Western, Japanese and St Louis equine encephalitis virus and West 
Nile virus [reviewed in 30]. Anelloviruses are known to infect humans, non-
human primates, domestic animals and marine mammals [12,31,32,33], but the 
pathology of anelloviruses remains unknown [32,34].  
 
Herpesvirus-like and Poxvirus-like sequences 
In sample SD-RB, four contigs with amino-acid-level sequence similarities to 
herpesviruses and poxviruses were identified (Fig. 2 and Table S2). However, 
these contigs are only short portions of the genomes so it is impossible to 
determine more details about their identities or hosts.  
 
Plant viruses identified in mosquitoes 
Geminiviruses and Nanoviruses 
Sequences with similarities to plant viruses were consistently identified in the 
mosquito viromes (Fig. 2 and Table S2). All three viromes contained sequences 
related to geminiviruses, and sample SD-WAP had sequences related to 
nanoviruses. Mosquitoes are known to feed on plant nectar, indicating a potential 
source of these viruses. However, no plant viruses have been previously 
described in mosquitoes, so the ability of mosquitoes to transmit plant viruses still 
needs to be investigated through laboratory and field-based transmission studies. 
Other insect vectors that feed on plants, such as whiteflies, are known to transmit 
a diversity of plant viruses [35]. In a related study using VEM to examine the viral 
community in whiteflies, almost all of the viral sequences shared high levels of 
nucleotide identity with previously described plant geminiviruses (Ng et al. in 
review). In contrast, the plant virus sequences in the mosquito viromes showed 
only weak amino acid level identities to known viruses (46%-53%; Fig. 2). These 
sequences from mosquitoes may represent extremely novel plant viruses, or 
could be part of recombinant genomes infecting other hosts.  
 
Insect viruses identified in mosquitoes 
Parvoviridae and Poxviridae 
A diverse range of insect viruses was identified in the mosquito viromes (Table 
S3 and S4). The majority of the sequences were similar to mosquito 
densoviruses (DNVs), specifically Aedes albopictus densovirus (AalDNV) and 
Haemogogus equinus densovirus (HeDNV). Since H. equinus and A. albopictus 
mosquitoes are not indigenous to San Diego, these sequences most likely 
represent densoviruses that infect the sampled mosquito species, primarily C. 
erythrothorax. Using PCR targeting the NS1 gene region, we further investigated 
the presence of densoviruses in the SD-WAP sample, which contained 
exclusively C. erythrothorax mosquitoes. The 720 base pair sequence of the 
PCR product (Accession #GU810839) was closely related (96% nucleotide 
identity) to HeDNV (Fig. 6). This sequence (VEM Culex erythrothorax densovirus; 
VEMCeDNV) most likely represents a new mosquito densovirus that infects C. 
erythrothorax mosquitoes.  
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Densoviruses have been detected frequently in mosquito cell lines, and more 
rarely in wild-caught mosquitoes, where they are perpetuated through both 
horizontal and vertical transmission [36,37,38]. Densovirus infection is highly 
lethal in cell lines and early stage larvae, however, infection at the late stages of 
larval development generally leads to a persistent and transmissible viremia 
[36,38]. Mosquito densoviruses are stable vectors for transformation of 
mosquitoes [39,40,41], which has created interest in using these viruses for 
mosquito and malaria control, either directly as lethal agents or as possible 
carriers of transgenes [37]. Viral paratransgenesis takes advantage of the 
densoviruses to introduce genes that are lethal to mosquitoes or the pathogens 
that they carry. Viral paratransgenesis efforts can greatly benefit from the 
discovery of new densoviruses, such as those identified in this study. C. 
erythrothorax is the most common mosquito in San Diego County, and is 
suspected to be an emergent vector of West Nile Virus [42]. Further studies of 
VEMCeDNV will be necessary to determine its efficacy as a biocontrol agent for 
C. erythrothorax.  
 
Many other insect viruses were also identified, but none were found in all three 
samples (Table S3). Sample SD-BVL had the highest diversity of densoviruses, 
followed by SD-RB, then by SD-WAP (Table S3). Many sequences showed less 
than 85% amino acid identities to known densoviruses and unclassified insect 
viruses (Table S3), suggesting the presence of many novel insect viruses in 
mosquitoes.  
 
Phages identified in mosquitoes 
The mosquito viromes contained a large diversity of phage sequences (Table 
S3), including members from Myoviridae, Podoviridae, and Siphoviridae, as well 
as unclassified phages. Most of the phage sequences found in the mosquitoes 
only shared amino acid identities to known phages. However, in sample SD-RB, 
numerous sequences had 100% nucleotide identities to Propionibacterium phage 
PAD42 and PA6, Acyrthosiphon pisum secondary endosymbiont phage (APSE) 
1-6, and Enterobacteria phage lambda (Table S3), suggesting that these known 
phages (or closely related phages) were present in the mosquito SD-RB virome. 
The three mosquito viromes differed in terms of the types of phages with BLAST 
similarities (Table S3), suggesting that each sample had a distinct phage content. 
 
Phages identified in the mosquito viromes may infect the bacterial flora of the 
mosquito or that of the hosts they have fed upon. Propionibacterium acnes, the 
host for Propionibacterium phage PAD42 and PA6, is a commensal bacterium of 
human skin, so it is possible that mosquitoes acquire this bacterium and its 
phages during blood feeding [42]. On the other hand, sequences with identities to 
phage APSE might infect endosymbiotic bacteria of mosquitoes. Phage APSE-1 
through 6 infect Hamiltonella defensa, an endosymbiont of aphids and other sap-
feeding insects that protects the aphids from wasp attack by killing the 
developing wasp larvae [43]. Phage APSE-3 carries a toxin-encoding gene that 
provides the endosymbiont with defense against wasp larvae [44], and other 
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APSE phages are also known to encode toxin genes [45,46]. Mosquitoes are not 
known to be hosts for parasitic wasps, but endosymbiotic bacteria such as 
Wolbachia are known to infect mosquitoes and interfere with the reproductive 
biology of their host through cytoplasmic incompatibility [47]. Identification of 
sequences with high nucleotide identity to Phage APSE in this study suggests 
that mosquitoes potentially harbor other endosymbiotic bacteria and their 
phages, possibly to increase mosquito survivorship, or that of their eggs, through 
deterring predation. 
 
This is the first study demonstrating the presence of a broad range of phages in 
mosquitoes, and distinct phage profiles for each mosquito virome. A diversity of 
phages with different inferred bacterial hosts was observed in the mosquitoes. 
Surveys based on the 16S rRNA gene support the notion of high bacterial 
diversity in mosquitoes [48], but to date, no metagenomic studies have examined 
the bacterial communities associated with mosquitoes. Future investigation of the 
role of bacteria and phages in mosquitoes is important, as they likely affect the 
host‟s physiology and fitness. 
 
Viruses with unique genome organizations identified in mosquitoes 
Two complete genomes were identified that contained features from different 
virus families. In sample SD-RB, genome Mosquito VEM CircoNanoGeminivirus - 
SDRB AJ showed a combination of features from the Circoviridae (animal virus), 
Nanoviridae (plant virus) and Geminiviridae (plant virus) families (Fig. 3). ORF2 
of this virus showed similarity to the pfam viral replication protein 02407 
superfamily, and had BLASTp hits to the replication protein from both the 
Circoviridae (29% amino acid identity to Porcine circovirus 2) and Nanoviridae 
(44% amino acid identity to Faba bean necrotic yellows virus) families. ORF1 of 
this virus showed similarity to the pfam geminivirus coat protein 00844 
superfamily, and had 27% amino acid identity to the geminivirus Eragrostis 
curvula streak virus.  
 
In sample SD-BVL, genome Mosquito VEM GeminiFungivirus - SDBVL G (Fig. 3) 
shared features from both the single-stranded DNA (ssDNA) plant virus 
Geminiviridae family and the single-stranded DNA (ssDNA) fungal virus, 
Sclerotinia sclerotiorum hypovirulence associated DNA virus (SSHADV1) [49]. 
Protein conserved domain searches on ORF2 revealed similarity to the 
geminivirus replication catalytic domain pfam 00799, and a BLASTp search 
showed 28% amino acid identity to the geminivirus Tomato mottle leaf curl virus 
replication protein and 34% amino acid identity to the fungal virus SSHADV1. 
ORF1 showed 32% amino acid identity to the SSHADV1 coat protein. ORF3 of 
this virus had 41% amino acid identity to the replication-associated protein from 
the geminivirus Eragrostis curvula streak virus, and 62% amino acid identity to 
the replication-associated protein from SSHADV1.  
 
 
VEM as an effective method for exploring viral diversity 
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Understanding viral diversity in animal and plant hosts is vital for disease 
surveillance. However, monitoring viral diversity is difficult due to the large 
number of individuals to sample, as well as the methodological limitations in 
characterizing novel viruses. The unique approach described here circumvents 
these issues by allowing the discovery of multiple novel viruses from many hosts 
in a single experiment. Through the use of VEM, this study created a baseline of 
the DNA virus community present in mosquitoes, shedding light on the high 
diversity of animal, plant, insect, and bacterial viruses that are present in this 
important vector. Although the discovery of a viral sequence does not always 
indicate active infection, the initial characterization will enable future studies to 
investigate viral prevalence and link viruses to hosts and disease symptoms. The 
application of this technique to mosquitoes from other regions, as well as other 
types of vectors, will greatly enhance our understanding of viral diversity. 
 
VEM is a versatile technique that can be further refined to answer specific 
questions. Instead of purifying viruses from whole mosquitoes, VEM can be 
performed on dissected blood meals, surveying viruses specifically from the 
animal blood and plant nectar that the mosquitoes feed on and excluding viruses 
that may be present on the outside of the mosquitoes. Similarly, performing 
metagenomics on viruses purified from the dissected mosquito salivary glands, 
or mosquito saliva emitted during sugar feeding [50] can identify arboviruses with 
potential for transmission to animals. VEM can also be performed to characterize 
RNA viruses through the addition of a random-primed reverse transcription step 
[51]. Finally, the multiple displacement amplification used in this study is known 
to preferentially amplify small ssDNA circular genomes [52,53,54], and the 
identifiable sequences in this study were dominated by mosquito densoviruses. 
To identify more double-stranded DNA (dsDNA) viruses, alternate amplification 
methods without this bias could be used, or ssDNA could be selectively removed 
from the mosquito samples by Mung Bean nuclease treatment.  
 
In conclusion, this study utilized VEM to demonstrate the presence of a highly 
novel and diverse reservoir of animal, plant, insect, and bacterial viruses present 
in mosquitoes. The three different mosquito viromes contained distinct virus 
profiles, showing heterogeneity in the circulating viral community. The VEM 
approach described here will be transformative for our understanding of the 
ecology of animal, plant, insect, and bacterial viruses, and has implications for 
surveillance of emerging viruses, prediction of viral epidemics, and proactive 
control of vector-borne diseases.
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Materials and Methods 
Sample collection 
Three mosquito samples (Table S1) were collected from San Diego County, CA, 
USA (Fig. S1) using an EVS CO2 trap baited with dry ice (BioQuip Products, Inc., 
Rancho Dominguez, CA, USA). SD-BVL and SD-RB mosquito samples were 
killed by freezing at -80oC, while the SD-WAP mosquitoes were anesthetized with 
triethylamine and stored at 4oC. Mosquitoes were homogenized in 5 ml of 
suspension medium (SM) buffer using a Tissumizer (Tekmar Control Systems, 
Inc., Vernon, Canada) at 5,000-8,000 rpm. Mosquito debris was pelleted by two 
rounds of centrifugation at 1,500 xg at 4oC for 30 min.   
 
Viral particle purification and metagenomic sequencing  
The protocol for viral particle concentration and purification was modified from 
previous studies [11,12,55], and an overview is shown in Table S6. Supernatants 
from the mosquito homogenates were filtered through a 0.45 µm syringe filter 
unit (Millipore, Billerica, MA) and viral particles were purified from the filtrate 
using a cesium chloride (CsCl) step gradient. The purified viral concentrate was 
examined by epifluorescence microscopy to verify the presence of viral particles, 
and ensure the absence of contaminating bacterial and eukaryotic cells [56]. The 
viral fraction was concentrated and washed twice with sterile SM buffer on a 
Microcon 30 column (Millipore), followed by treatment with 0.2 volumes of 
chloroform for 10 minutes, then incubation with 2.5 U DNase I per μl for 3 hours 
at 37oC. 
 
Total DNA was extracted using a CTAB/Formamide protocol [57]. Extracted viral 
DNA was amplified using Genomiphi for 1.5 hours (GE Healthcare, Piscataway, 
NJ) based on the manufacturer's instructions. Following amplification, samples 
SD-BVL and SD-RB were sequenced with 454 GS20 pyrosequencing and 
sample SD-WAP was sequenced using 454 GS FLX technology. Longer read 
length in the SD-WAP virome resulted in an increased proportion of sequences 
with known identities compared to the other two viromes. The NCBI genome 
project numbers for the three viromes are 28413, 28467, and 49713.  
 
Bioinformatics 
Metagenomic sequences were compared to the GenBank non-redundant 
database using BLASTn and tBLASTx [58,59]. Each sequence was assigned 
top-level taxonomy (Eukarya, Bacteria, Archaea, or Virus) based on its closest 
BLAST similarity (E-value < 10-3 (Fig. 1A). Sequences with a best BLAST 
similarity to cellular genomes over ≥50 nt with an E-value <10-3 were removed 
prior to further classification. Remaining sequences were further classified based 
on best BLAST similarities to viral genomes (Fig. 1B). A cross-BLAST approach 
[13] was used to evaluate the similarity between mosquito metagenomes, where 
all sequences with BLASTn E-value <10-5 and ≥98% identity were considered 
shared.  
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Metagenomic sequences were assembled into contigs using the SeqMan Pro-
assembler (DNASTAR, Madison, WI) with match size = 35, minimum match 
percentage = 95%, match spacing = 15, maximum mismatch end bases = 0. 
Contigs were compared to the non-redundant database using tBLASTx (E-value 
<0.001 [58,59] and contigs representing complete genomes were manually 
analyzed using SeqBuilder (DNASTAR). For complete genomes, open reading 
frames (ORFs) were analyzed and annotated using Artemis [60] and BLASTn 
and BLASTp were performed to determine identity. The HPV sequences were 
also assembled to the HPV23 genome (Genbank Accession # U31781) as a 
reference using Sequencher 4.7 (Gene Codes, Ann Arbor, MI). Densovirus 
sequences were assembled into contigs using the 454 GS De Novo Assembler 
(Branford, CT). Viral contigs were deposited to Genbank under the accession 
number HQ335010-HQ335087.  
 
PCR screening 
Nucleic acids from Mosquito SD-BVL and SD-WAP were amplified by Genomiphi 
(GE Healthcare), then subjected to PCR with primers designed based on 
selected contigs from the viromes (Table S7). Sample Mosquito SD-RB was 
unavailable for PCR testing.  
 
Phylogenetic analysis 
Alignments were performed using ClustalW multiple alignment in Bioedit [61], 
and MEGA4 was used for phylogenetic analysis with a neighbor joining method 
and bootstrap with 1000 replications [62]. Phylogenetic analysis for the 
papillomaviruses was based on the partial alignment of the minor capsid protein 
L2 sequence with representative HPVs. The phylogenetic analysis of the 
anelloviruses was based on alignment of the ORF1 nucleotide sequence with 
major anellovirus groups [12,31]. For the densoviruses, the phylogenetic analysis 
was based on the nucleotide alignment of the partial NS1 gene PCR sequence 
with representative densoviruses [63].  
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Figure Legends 
 
Fig. 1. Taxonomic classification of the metagenomic sequences from the three 
mosquito viromes. A) Classification based on tBLASTx (E-value < 0.001) against 
the Genbank non-redundant database. B) Breakdown of the viral sequences into 
four major categories: animal, plant, insect viruses (densoviruses and other 
insect viruses) and bacteriophages. Samples were obtained from 3 sites in San 
Diego: Buena Vista Lagoon (SD-BVL), River Bank (SD-RB), and Wild Animal 
Park (SD-WAP).  
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Fig. 2. Classification of vertebrate and plant virus sequences present in the three 
San Diego mosquito viromes. The family, host, and name of the most significant 
tBLASTx similarities in the Genbank non-redundant database are shown, with 
the colors representing the level of amino acid identity.  
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Fig. 3. Genome organization and coverage of several putative virus genomes 
discovered in mosquito viromes. A) Human papillomavirus 23 (HPV23), B) Novel 
anelloviruses, C) Novel viruses with unique genome organization. Open reading 
frames are highlighted on the genome map and the amount of coverage from the 
metagenomic reads of the sample the virus was identified in is shown in the 
center. 
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Fig. 4. Neighbor joining tree based on the amino acid alignment of Mosquito VEM 
Papillomaviruses with the partial capsid protein L2 of representative HPV types. 
Mosquito VEM Papillomavirus – SDRB AF shared similarity to a different region 
of capsid protein L2, but produced identical tree topography (data not shown). 
Papillomavirus sequences identified in mosquito virome SD-RB are indicated by 
arrows, all of which belong to the cutaneous groups.  
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Fig. 5. Neighbor joining phylogenetic tree of anelloviruses constructed using the 
entire nucleotide sequence of ORF1. Genbank accession numbers are shown in 
parentheses, and the hosts are indicated for any non-human sequences. The 
newly discovered anelloviruses from the mosquito viromes are indicated by 
arrows. 
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Fig. 6. Neighbor joining phylogenetic tree of VEMCeDNV and other densoviruses 
based on alignment of the 720-bp partial NS1 gene nucleotide sequences. The 
VEMCeDNV from the C. erythrothorax mosquitoes in sample SD-WAP is 
indicated with an arrow. 
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Appendix 4: Exploring the diversity of plant viruses and their satellites 
using vector-enabled metagenomics on whiteflies 
 
This appendix is in review: 
Terry Fei Fan Ng, Siobain Duffy, Elise Bixby, Gary E Vallad, Jane E Polston, Mya 
Breitbart. 2010. Exploring the diversity of plant viruses and their satellites 
using vector-enabled metagenomics on whiteflies.  
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Abstract 
Current knowledge of plant virus diversity is biased towards agents of visible 
and economically important diseases. Little is known about viruses that have not 
caused major diseases in crops, or viruses from native vegetation, which are a 
reservoir of biodiversity that can contribute to viral emergence. Discovery of 
these plant viruses is hindered by the traditional approach of sampling individual 
symptomatic plants. Since many damaging plant viruses are transmitted by 
insect vectors, we have developed “vector-enabled metagenomics” (VEM) as a 
new approach for plant virus surveillance and proactive agricultural biodefense. 
VEM involves sampling of insect vectors (i.e., whiteflies) from plants, followed by 
purification of viral particles and metagenomic sequencing. The VEM approach 
exploits the natural ability of highly mobile adult whiteflies to integrate viruses 
from many plants over time and space, and leverages the capability of 
metagenomics for discovering novel viruses. This study utilized VEM to describe 
the DNA viral community from whiteflies (Bemisia tabaci) collected from two 
important agricultural regions in Florida, USA. VEM successfully characterized 
the active and abundant viruses that produce disease symptoms in crops, as well 
as the less abundant viruses infecting adjacent native vegetation. PCR assays 
designed from the metagenomic sequences enabled the complete sequencing of 
four novel begomovirus genome components, as well as the first discovery of 
plant virus satellites in North America. One of the novel begomoviruses was 
subsequently identified in symptomatic Chenopodium ambrosiodes from the 
same field site, validating VEM as an effective method for proactive monitoring of 
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plant viruses without a priori knowledge of the pathogens. This study 
demonstrates the power of VEM for describing the circulating viral community in 
a given region, which will enhance our understanding of plant viral diversity, and 
facilitate emerging plant virus surveillance and management of viral diseases. 
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Author summary 
Current knowledge of plant virus diversity is biased towards agents of visible 
and economically important diseases, and little is known about potentially 
emergent viruses that have not yet made their presence known on crops. 
Discovery of new plant viruses is limited by the traditional approach of sampling 
individual symptomatic plants. Here we demonstrate a novel approach that 
involves sampling of insect vectors from plants, followed by purification of viral 
particles and metagenomic sequencing. The vector-enabled metagenomics 
(VEM) approach exploits the natural ability of whiteflies to concentrate viruses 
from many plants over time and space, and leverages the capability of 
metagenomics for discovering novel viruses. From two whitefly (Bemisia tabaci) 
samples collected in Florida, VEM successfully characterized the active and 
abundant viruses that produce disease symptoms in crops, as well as less 
abundant viruses infecting native vegetation which can serve as a reservoir of 
genetic diversity contributing to the emergence of novel begomoviruses. This 
study completely sequenced four novel begomovirus genome components, as 
well as the first plant virus satellites from North America. By characterizing the 
circulating viral community in a given region, VEM will facilitate surveillance for 
emerging plant viruses and enable proactive agricultural biodefense.  
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Introduction 
Current knowledge of plant virus diversity is heavily biased towards agents 
of visible and economically important diseases, and little is known about the 
potentially emergent viruses that have not yet made their presence known on 
crops. However, these undiscovered viruses can provide a reservoir of 
biodiversity for recombination and reassortment with existing pathogenic plant 
viruses, and are an essential component of the complex microbial ecology of 
plants [e.g., 1,2]. Much of this diversity may exist in plants without symptoms of 
disease; for instance, plants infected with viruses that are not yet adept at 
exploiting the new host, some of which have historically evolved into highly 
virulent pathogens [3,4,5].  
While viruses and virus-like elements can be readily isolated from ~60% of 
plants [1], even visibly diseased plants often have low viral titers [6,7]. 
Additionally, not all infections result in the production of visible symptoms, and 
viruses can be limited to only certain tissues of the plant, such as actively 
growing tissues or the phloem [8]. This presents a sampling problem for plant 
virus discovery: either a researcher needs advance knowledge of which plant 
tissues to sample, or they „dilute‟ the viral titer when homogenizing infected cells 
with uninfected parts of the plant. These challenges make the discovery of 
viruses from individual plants truly difficult.  
Since the majority of known plant viruses are exclusively vector-transmitted 
[9], examination of insect vectors presents an excellent opportunity to explore the 
diversity of plant viruses. The whitefly Bemisia tabaci species complex is an 
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important vector of many plant viruses. Whiteflies often occur in high populations 
on many crops [10,11], especially at the end of the production cycle when 
insecticide applications have been withheld due to harvest. B. tabaci feeds on a 
very wide range of plants [10], and is highly mobile, being able to fly short 
distances and capable of traveling up to a several kilometers when assisted by 
the wind [12,13]. In addition, begomoviruses can be retained for up to the 
lifespan of the adult whitefly [14]. Therefore, whitefly vectors are natural “flying 
syringes” that can sample viruses from many individual plants and different plant 
species over space and time. 
Once the proper samples are obtained, an effective method of viral 
discovery is needed. Most viral identification techniques have limited capability 
for characterizing novel viruses due to their specificity. Common methods such 
as ELISA with antibodies for a specific virus, PCR or microarrays with primers 
designed for a specific virus, or PCR with degenerate primers that amplify a 
closely related group of viruses are effective methods for detecting close 
relatives of known viruses [e.g., 15,16,17]. However; these methods do not allow 
for the discovery of novel viruses with low levels of similarity to previously 
described viral groups, and thus prevent a thorough exploration of viral 
biodiversity. The amplification of viral DNA by rolling circle amplification (RCA) 
followed by restriction digestion and cloning is a more recent approach that has 
facilitated begomovirus discovery from individual plants [18,19]. However, this 
approach is largely restricted to circular ssDNA viruses, and the use of restriction 
analysis limits the types and numbers of viruses identified.  
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Viral metagenomics, a molecular technique that involves purifying viral 
particles from samples and shotgun sequencing the viral nucleic acids [reviewed 
in 20,21], circumvents the biases of classic viral identification methods, and has 
revolutionized the exploration of viral diversity. Viral metagenomics has been 
used to characterize viral communities present in the environment [e.g., 22,23], 
as well as individual plants [e.g., 24] and animals [e.g., 25]. The advantage of 
metagenomics for viral identification is that it allows for characterization of the 
complete viral community, including viruses that are too divergent to be detected 
by PCR assays based on known viral sequences.  
 The vector-enabled metagenomics (VEM) approach presented here takes 
advantage of the highly polyphagous and mobile nature of the whitefly vector, 
combined with the capability of metagenomics to discover novel viruses without 
relying on sequence similarity to known viruses. This study utilized VEM to 
explore the diversity of DNA viruses in whiteflies collected from different crops in 
two agriculturally important sites in Florida. 
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Results 
Summary of viromes 
 The VEM method, consisting of viral purification and metagenomic 
sequencing, was used to obtain sequence from encapsulated viral DNA present 
in the whitefly vector, Bemisia tabaci. BLASTn analysis revealed that 79% of the 
sequences in the Citra virome and 93% of the sequences in the Homestead 
virome showed significant similarity to known plant viruses, with sequence 
identities between 70% and 100% to previously described begomoviruses (Table 
1). Several sequences from the Homestead virome had short BLASTn 
alignments to the stem-loop and nonanucleotide sequence of begomoviruses, 
but further analysis of these sequences revealed that they belonged to novel 
satellite genomes. Each virome had a small number of ”unknown” sequences 
that did not have significant similarity to any available sequences in Genbank. 
The Citra virome also contained a small number of bacterial sequences that were 
likely the result of imperfect virus purification.  
  Further analysis of the viral sequences demonstrated that the two viromes 
contained sequences with a range of nucleotide identities to known 
begomoviruses (Table 1). According to Fauquet [26], entire begomovirus DNA-A 
components with >93% nucleotide identity are considered the same strain, DNA-
A components with 88%-93% nucleotide identity are considered different strains 
of the same species, and DNA-A components with <88% nucleotide identity are 
considered new species. The results shown in Table 1 are based on analysis of 
individual metagenomic sequence reads ranging from 100 to 700 nt in length; the 
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entire DNA-A would need to be sequenced before these viruses could be 
classified as novel strains and/or species. 
 
Citra whitefly virome 
 The Citra whitefly virome was dominated by Cucurbit leaf crumple virus 
(CuLCrV), a begomovirus known to infect watermelon plants at this sampling site 
(Table 1). Alignment of the metagenomic sequences against a CuLCrV reference 
genome from Genbank demonstrated that VEM resulted in near-complete 
coverage of the DNA-A and partial coverage of the DNA-B (Figure 1 A&B). The 
segments of both the DNA-A and DNA-B assembled from the Citra virome 
shared >97% nucleotide identities to the CuLCrV reference genome.  
 Additionally, two sequences were identified that shared 96-97% nucleotide 
identities to the DNA-B of Sida golden mosaic virus (SiGMV). Based on one of 
these metagenomic sequences, PCR primers were designed to amplify, clone, 
and sequence the entire DNA-B using DNA extracted from the whiteflies. The 
resulting sequence had characteristics consistent with the DNA-B of SiGMV 
(Figure 2C), but shared only 90% nucleotide identity to Sida golden mosaic virus 
by whole component pairwise comparison. Therefore, this genome represents a 
novel SiGMV DNA-B (Figure 2B), which we have named Sida golden mosaic 
virus - whitefly VEM Citra Florida (SiGMV – VEM [USA:Flo:Citra]).  
Strikingly, one partial sequence of 243 nt was identified in the virome which 
had only 84% nucleotide identity to the DNA-A of Tobacco leaf rugose virus 
(Table 1). PCR primers were designed to amplify, clone, and completely 
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sequence the DNA-A of this virus using DNA extracted from the whiteflies. The 
complete sequence of the DNA-A (2628 nt) of this virus only shared 81% 
nucleotide identity with its closest relative, a Mexican isolate of Desmodium leaf 
distortion virus (GenBank DQ875870)[27] (Figure 2A). Despite its low level of 
nucleotide identity to known begomoviruses, this viral sequence contains all the 
essential genome features of a begomovirus DNA-A (Figure 2C). The replication 
initiator protein, transcription activator, replication enhancer, and coat protein are 
present in an organization consistent with known begomoviruses, and the 
genome has a stem-loop containing the geminivirus-signature nonanucleotide 
sequence TAATATT/AC [28].  
To investigate the host plant of this novel virus, a survey of 203 wild and 
cultivated plants was conducted at the Citra site where the whiteflies were 
originally collected. Degenerate PCR [15] for begomoviruses was positive in 
symptomatic Chenopodium ambrosiodes. A full length DNA-A clone (2626 nt) 
was obtained and sequenced from this plant, which was 96% identical to the 
complete DNA-A sequence identified from the whiteflies using VEM. This novel 
virus identified in C. ambrosiodes is tentatively named Chenopodium leaf curl 
virus (ChLCV), while the novel virus identified in the whiteflies through VEM is 
tentatively named Chenopodium leaf curl virus [VEM] (ChLCV [VEM]). Both 
viruses appear to be most closely related to Desmodium leaf distortion virus, but 
group with other New World begomoviruses such as Cotton leaf crumple virus, 
Sida yellow leaf curl virus and Tomato severe leaf curl virus (Figure 2A). Since 
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none of these viruses have been previously reported in Florida, studies are 
underway to more fully characterize ChLCV. 
 
Homestead whitefly virome 
 For the Homestead sample, a number of metagenomic sequences had 
high (93-100%) nucleotide identities to known begomoviruses (Table 1). The 
virome was dominated by sequences from Tomato yellow leaf curl virus (TYLCV) 
and Sida golden mosaic virus (SiGMV) (Table 1). Complete coverage of the 
TYLCV genome was obtained, demonstrating that the TYLCV strain in these 
samples had a 29 base deletion compared to the reference genome (Figure 1D), 
which has also previously been detected in Texas, Arizona and Mexico [29]. 
Partial coverage of the SiGMV DNA-A was also obtained from the virome (Figure 
1C).  
 Numerous metagenomic sequences shared between 88%-93% nucleotide 
identities to seven known begomoviruses (Table 1). Furthermore, 24 
metagenomic sequences were found to have less than 88% nucleotide identities 
to these same seven begomoviruses (Table 1). PCR assays targeting several of 
these metagenomic sequences confirmed that they represented novel 
begomoviruses (see below), although it is important to note that the top BLASTn 
hit for the complete genome components was not always the same as the top 
BLASTn hit of the original metagenomic sequence.  
 PCR primers were designed to further explore two metagenomic 
sequences with low levels of identity to known begomoviruses. The complete 
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DNA-A was sequenced of a virus, tentatively named Whitefly VEM 1 
Begomovirus (WfVEM1Bv), which shared only 88% to its closest relative 
Malvastrum yellow mosaic Jamaica virus by whole component pairwise analysis 
and phylogenetic analysis (Figure 2A). In addition, the complete DNA-B was 
sequenced of a virus, tentatively named Whitefly VEM 2 Begomovirus 
(WfVEM2Bv), which shared 76% nucleotide identity to its closest relatives, 
Malvastrum yellow mosaic Jamaica virus and Sida golden mosaic virus (Figure 
2B). The intergenic region between WfVEM1Bv and WfVEM2Bv shared less than 
90% nucleotide identity, thus they are likely to be genome components of two 
distinct viruses.  
Eight metagenomic sequences were identified that had very short BLASTn 
similarities to the origin of replication and nonanucleotide sequence of 
begomoviruses, but otherwise shared no significant similarities to any known 
sequences. Using specific PCR assays, eight full circular genomes (675 to 694 
nt) were cloned and sequenced. The fact that these genomes were encapsulated 
in the whiteflies, have an adenosine-rich region, and do not have an open reading 
frame that codes for a replication-associated protein, suggests that these 
sequences are novel begomovirus satellites, which are tentatively named 
Whitefly VEM Satellite (WfVEM-Sat). The WfVEM-Sat genomes are similar to the 
Tomato leaf curl virus satellite (ToLCV-sat, Genbank U74627[30,31]) in size and 
genome organization; however, unlike ToLCV-Sat, the WfVEM-Sat genomes do 
not contain a second stem-loop and putative Rep binding motif (GGTGTCT). 
Pairwise comparisons among the eight satellite genomes ranged from 85-94% 
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nucleotide identity (Table S1). Since all eight clones that were sequenced were 
unique, it is likely that continued sequencing would yield many more satellite 
genomes.  
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Discussion 
 Using VEM, this study characterized whitefly-transmitted plant viruses 
circulating in whiteflies from two important agricultural regions in Florida. With the 
exception of Sida golden mosaic virus, the virus profiles of the two viromes were 
completely distinct from each other (Table 1). In addition to identifying pathogens 
that produce disease symptoms in crops, VEM enables the identification of 
viruses infecting native vegetation, newly emerging viruses that are not yet 
widespread in crops, and viruses that have more mutualistic interactions with 
their hosts [32]. The highly polyphagous and mobile nature of whiteflies 
integrates viral diversity over space and time, making these insect vectors a 
perfect tool for sampling the viral community circulating in plants in a given 
region, including understudied weed hosts [33,34,35]. Performing viral 
metagenomics on whitefly vectors has several advantages over surveys 
performed on individual plants. Diseased plants often have low titers of 
encapsulated viruses [6,7] and infection can be limited to only certain tissues of 
the plant [8]. In comparison, viruses in whiteflies are likely to be encapsulated 
and present in high titers [36,37], making them ideal for the VEM approach which 
targets only intact (and thus potentially transmissible) viral particles. 
Metagenomic sequencing of viruses purified directly from whiteflies provides an 
additional advantage over traditional PCR-based approaches since it allows for 
the discovery of divergent viruses that might not be captured with existing 
degenerate PCR assays. A few recent studies have used metagenomic 
sequencing to examine RNA plant virus diversity [24,38,39]; however, to date, no 
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published studies have applied metagenomic techniques to explore the diversity 
of plant DNA viruses. In addition, this is the first study to discover viruses 
infecting plant hosts by directly examining insect vectors that feed upon them, a 
technique that is directly applicable to other host-vector systems (e.g., 
mosquitoes and human viruses; Ng et al., in preparation). 
 The viromes from both field sites have an extremely high percentage of 
identifiable viral sequences, with more than 79% of the sequences in each 
virome similar on the nucleotide level to known plant viruses . This is striking in 
comparison to DNA viruses from animals [e.g., 40] or environmental samples 
[e.g., 22], which are dominated by „unknown‟ sequences with no significant 
homology to characterized genes. In addition, the sequences from environmental 
or animal viromes that have similarities to known viruses are typically only 
distantly related on the amino acid level, and rarely demonstrate nucleotide level 
identities. The fact that the majority of the whitefly virome sequences showed 
nucleotide level identities (BLASTn) to known plant viruses suggests that a more 
thorough understanding exists for whitefly-transmitted plant DNA virus diversity 
than for viruses infecting other hosts (e.g. animal viruses and bacteriophages). 
This finding also suggests that the majority of undiscovered DNA plant virus 
diversity consists of variations on viral themes that have already been described.  
Interestingly, the vast majority of the sequences identified in this study were 
similar to begomoviruses. The single-stranded DNA (ssDNA) begomoviruses 
belonging to the family Geminiviridae are some of the most damaging and 
emergent viruses transmitted by whiteflies. Begomoviruses are often the limiting 
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factor in the production of tomato, pepper, squash, melon, and cotton in the 
subtropics and tropics [41,42], and periodic begomovirus epidemics in staple 
crops, such as cassava, have caused widespread famines in the developing 
world [43]. Some begomoviruses are associated with satellites, which can play a 
role in disease, and are dependent upon the begomovirus for replication and 
encapsulation [44]. Most begomovirus satellites fall into one of several classes: 
α-satellites, β-satellites, and defective-interfering DNAs (DI-DNA) [2,44]. All 
satellites are encapsulated by the helper virus coat protein, and share an origin 
of replication sequence, the conserved nonanucleotide sequence, with their 
helper virus. Beyond that short conserved sequence, α-satellites and β-satellites 
show no significant homology with their helper viruses, while DI-DNAs show 
extensive homology with their helper viruses.  
 In this study, VEM led to the identification of multiple viruses from each 
site, exemplifying the advantages of this approach for describing the viral 
community circulating amongst plants in a given region, without a priori 
knowledge of what viral types are present. First, each virome was dominated by 
sequences with a high level of similarity to known viruses infecting the crop 
plants from which the whiteflies were collected. This demonstrates that VEM is 
capable of detecting and obtaining high levels of sequence coverage from active 
and abundant viruses in the primary collection host. Second, both viromes 
contained sequences similar to viruses that infect Sida spp., which are weeds 
commonly found near many agricultural fields in Florida. This demonstrates that 
discovery of viruses through VEM is not constrained by the collection host and 
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that VEM is capable of identifying viruses from neighboring crops or weeds. 
Characterization of viruses from indigenous plants is especially interesting since 
this is a largely unexplored reservoir of genetic diversity that may contribute to 
emergence of novel begomovirus strains by host shift or recombination [34,45]. 
Third, VEM is a powerful technique for discovering novel viruses, as evidenced 
by the recovery of sequences with either low levels of identity (<88%) or no 
significant similarity to previously described viruses. The discovery of novel 
satellite DNA sequences in this study is notable since these sequences are so 
divergent that they would not have been identified through degenerate PCR 
assays. Fourth, based only on single sequence fragments from the virome, the 
complete DNA-A or DNA-B of many novel viruses, as well as numerous satellite 
genomes were obtained by PCR. This demonstrates that individual metagenomic 
sequences can be used as “hooks” to recover complete viral genomes. Finally, 
the novel virus ChLCV[VEM] discovered in whiteflies was subsequently 
confirmed in a symptomatic weed collected from the study site two years later, 
successfully linking this sequence to a specific host plant and disease symptoms, 
and demonstrating that these viruses are persistent in the system.  
This proof-of-concept study has significantly expanded our knowledge of 
begomoviruses in Florida. Vegetable crops in Florida have experienced 
significant losses due to whitefly-transmitted viruses over the past 15 years. The 
dominant viruses identified in this study were Tomato yellow leaf curl virus 
(TYLCV) and Cucurbit leaf crumple virus (CuLCrV), which are both whitefly-
transmitted begomoviruses that have been introduced to Florida since the arrival 
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of the silverleaf whitefly in the late 1980‟s [46,47,48]. CuLCrV is an emergent 
virus that infects cucurbits, which was not known in Florida until the virus 
impacted crop production in 2006 [48]. TYLCV was identified in Florida in 1997 
[49] and has negatively impacted tomato production since that time. Identification 
of these two viruses provides an excellent example of how VEM can be used for 
early surveillance of emerging plant viruses. Sufficient depth of coverage for 
CuLCrV and TYLCV DNA-A was obtained such that had these viruses not 
already been described, the complete or near-complete genomes could have 
been assembled from the viromes (Figure 1). This is particularly noteworthy 
considering the small number of sequences obtained in this study. If the VEM 
method were performed using next-generation sequencing technologies, 
coverage of the dominant viruses would be much higher, and many more viruses 
present at lower abundances would be identified.   
The small amount of sequencing performed in this study was sufficient to 
uncover numerous metagenomic sequence fragments related to viruses that had 
not been previously documented in Florida (Table 1). Some of these sequences 
are known to be present in neighboring Caribbean countries, and should now be 
monitored for in Florida since they potentially represent recently introduced 
viruses. Furthermore, this study discovered numerous metagenomic sequences 
with <88% nucleotide identity to different genes of known begomoviruses (Table 
S2), which likely represent novel begomovirus strains or species. In fact, we have 
confirmed that several of these sequences belong to novel begomoviruses by 
designing PCR assays to obtain their full component sequences (Figure 2). The 
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metagenomic sequences produced in this study will enable future studies to 
characterize these new viruses‟ genomes and explore their origins, host ranges, 
and the timing of their introduction to Florida.  
In addition to the discovery of begomoviruses, this study demonstrated the 
power of the VEM approach for the discovery of novel virus-associated entities 
such as satellites. This study is the first to demonstrate the presence of 
begomovirus satellites in the North America. Satellites can play important roles in 
plant disease, but often remain unrecognized due to limitations of common virus 
identification methods, especially when there is a lack of sequence homology 
with the helper virus. Until recently, both α-satellites and β-satellites were 
believed to be restricted to the Old World [2,44], but the presence of several α-
satellites have now been recognized in Brazil [50]. The Tomato leaf curl virus 
satellite (ToLCV-sat), was first discovered in Australia in 1997 [30], and prior to 
this study, no similar satellites had been discovered. Both WfVEM-Sat and 
ToLCV-Sat are distinct from α-satellites and β-satellites in terms of genome 
organization, lack of ORFs, and small genome size. The initial discovery of 
satellites through VEM will enable future studies to identify their helper virus(es) 
and associations with disease. 
 By enabling the discovery of a wide range of viruses and satellites, VEM is 
a powerful technique that will significantly enhance our fundamental scientific 
understanding of plant viral diversity, biogeography, and emergence. Typically, 
new plant viruses are not identified until an outbreak causing significant crop loss 
occurs. This has put agricultural biodefense into a reactive mindset – waiting until 
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a new disease becomes a problem before trying to understand and combat the 
causative agent. The VEM approach circumvents that traditional process by 
obtaining a comprehensive sample of the viruses actively circulating in an insect 
vector population within a region, effectively integrating over individual plants, 
space, and time. Thus, VEM is a proactive molecular surveillance tool that allows 
rapid identification of emerging viruses before noticeable crop loss occurs, 
providing precious time for implementation of preventative measures and 
significantly improving agricultural biosecurity.  
 Future studies using the VEM approach can incorporate high-throughput 
sequencing, expand the geographical range and frequency of sampling, and 
investigate both DNA and RNA viruses. The VEM approach can be extended to 
other insect vectors, such as aphids and leafhoppers, to understand the diversity 
of plant viruses that is being transmitted through each of these different vectors. 
In addition, further refinement of this method for begomovirus discovery should 
focus on recovering whole-genome components in order to allow for accurate 
analyses of recombination and evolution. When applied on a larger scale, VEM 
can describe global diversity of plant viruses, which will help refine existing plant 
virus phylogenies, aid in the development of more inclusive assays for monitoring 
introduced and emerging viruses, and increase our understanding of plant virus 
biogeography and evolution.  
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Methods and Materials 
Sample Collection 
 Adult whiteflies (Bemisia tabaci) were collected using battery-operated 
vacuums [51] from two crop fields in Florida: Citra (29o24‟N 82o06‟W) and 
Homestead (25o28‟N 80o30‟W). The distance between the two collection sites 
was 460 km. The Citra sample contained whiteflies collected from soybean and 
watermelon plants in August 2007, while the Homestead sample was collected in 
April 2009 and contained whiteflies from tomato and squash plants in the vicinity 
of mixed cucurbit crops such as cantaloupe, pumpkin, cucumber, and 
watermelon. The two samples differed in terms of collection host, amount of 
sequencing performed, and the time and location of sampling. Upon collection, 
whiteflies were chilled at 4 ºC for 1 hr, plant debris and other insects were 
removed manually, and the whiteflies were stored at -80 ºC until processing.  
 
Virus Purification and Metagenomic Sequencing 
 Viruses were purified from the whiteflies using a modification of previously 
described methods [40,52]. Briefly, the whiteflies were homogenized in sterile SM 
buffer (50 mM Tris, 10 mM MgSO4, 0.1 M NaCl, pH 7.5) and host cells were 
removed through centrifugation at 10,000×g for 10 minutes, followed by filtration 
of the supernatant through a 0.22 μm Sterivex filter (Millipore, Billerica, MA). The 
filtrate was treated with 0.2 volumes of chloroform for 10 minutes, then incubated 
with 2.5 U DNase I per μl sample for 3 hours at 37oC. DNA was extracted from 
the purified viral particles using the QIAamp MinElute Virus Spin Kit (Qiagen, 
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Valencia CA) and amplified with the GenomiPhi V2 DNA Amplification Kit (GE 
Healthcare, Piscataway, NJ) according to the manufacturer‟s instructions. The 
GenomePlex Whole Genome Amplification Kit (Sigma-Aldrich, St. Louis, MO) 
was then used to fragment and amplify the viral DNA, which was subsequently 
cloned into the pCR4 vector using TOPO TA cloning (Invitrogen, Carlsbad, CA) 
and sequenced with the M13F forward primer by Beckman Coulter Genomics 
(Danvers, MA). 
 The resulting sequences were trimmed for vector and read quality using 
Sequencher 4.7 (Gene Codes, Ann Arbor, MI). A total of 58 and 158 sequences 
with >100 nt of good read quality after trimming were obtained from the Citra and 
Homestead viral metagenomes (viromes), respectively (Accession numbers 
HN153414-HN153629). Metagenomic sequences were analyzed using BLASTn 
against the Genbank non-redundant database with an E-value cut-off of 1e-5 
[53,54]. Individual sequence reads were aligned to reference genomes from 
Genbank, and assembled into contiguous sequences (>95% identity over 30 nt) 
using Sequencher. 
 
PCR to complete genome components 
 To further characterize selected metagenomic sequences that likely 
represented novel virus species or strains, PCR primers were designed to 
amplify the entire DNA-A, DNA-B, and/or satellite DNA sequences (Table S3). 
The resulting whole genome PCR products were cloned and completely 
sequenced (Accession numbers HM626515-HM626517, HM859902-HM859911). 
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The complete genomes were analyzed and annotated using Seqbuilder 
(DNASTAR, Madison, WI). Pairwise comparison of the genomes to reference 
genomes to determine percent identity was performed using BioEdit [55]. 
 
Identifying the host for VEM generated viral sequences 
To characterize the potential host of one of the novel virus sequences 
identified through the VEM approach, a survey of wild and cultivated plants was 
conducted at the Citra site in September and November 2009. Young leaves 
were collected from 203 plants belonging to 11 families and 15 genera and DNA 
was extracted using the Gentra Purgene Tissue Kit (Qiagen). Degenerate 
primers were used to screen for the presence of begomoviruses [15] and 
amplicons were sequenced and compared to the viromes by BLASTn. Once an 
amplicon sequence with high homology to selected metagenomic sequences 
was identified, rolling circle amplification [19] was used to obtain a full length 
DNA-A clone from the original plant DNA extract, which was completely 
sequenced by primer walking.  
 
Phylogenetic Analysis 
 The completely sequenced genome components were aligned with their 
closest relatives from the GenBank non-redundant database using MUSCLE 
[56], and adjusted by eye in Se-Al (http://tree.bio.ed.ac.uk/software/seal/). 
Maximum likelihood phylogenetic trees were estimated with PAUP* 4.0 [57] using 
the general time reversible nucleotide substitution model specifying the 
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proportion of invariant sites and a gamma distributed rate variation, which had 
been selected by MODELTEST [58], and tree-bisection-recombination branch-
swapping. Bootstrap analyses (1000 replicate neighbor-joining trees) were used 
to assess the support for individual nodes on the phylogenetic trees.  
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Figure Legends 
 
 
Figure 1. Coverage of known virus genomes obtained from the whitefly viromes. 
The reference genome from Genbank is shown in the top row of each panel, and 
the consensus represents the regions of the reference genome with coverage in 
the viromes. A & B) Near-complete coverage of Cucurbit leaf crumple virus DNA-
A and DNA-B obtained from the Citra metagenomic sequences. C) Partial 
coverage of Sida golden mosaic virus DNA-A obtained from Homestead 
metagenomic sequences. D) Complete coverage of the Tomato yellow leaf curl 
virus genome obtained from the Homestead metagenomic sequences.  
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Figure 2. Genomic and phylogenetic analysis of the virus genomes discovered by 
VEM. The tree is midpoint rooted for clarity, all nodes with more than 75% 
bootstrap support are labeled, and new sequences are indicated by arrows. A) 
Maximum likelihood phylogeny of the entire DNA-A of the novel Chenopodium 
leaf curl virus (ChLCV), Chenopodium leaf curl virus [VEM] (ChLCV [VEM]), and 
Whitefly VEM 1 Begomovirus (WfVEM1Bv) with related begomovirus genome 
sequences. B) Maximum likelihood phylogeny of the entire DNA-B of the Sida 
golden mosaic virus - whitefly VEM Citra Florida (SiGMV – VEM [US:FLO:Citra]) 
and Whitefly VEM 2 Begomovirus (WfVEM2Bv). Begomovirus names are 
abbreviated according to convention. C & D) Genome characteristics and 
organization of the DNA-A, DNA-B and satellite DNA identified in the Citra and 
Homestead samples. The ORFs encode for: CP/AV1, coat protein; Rep/AC1, 
replication initiator protein; TrAP/AC2, transcription activator and/or silencing 
suppressor; REn/AC3, replication enhancer; MP/AV2, movement protein; AC4, 
AC4 protein; AC5, AC5 protein; MP/BC1, movement protein; NSP/BV1, nuclear 
shuttle protein. The positions of sequence fragments recovered in the 
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metagenome, the conserved stem loop and nonanucleotide sequence are 
indicated.  
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BLASTn Identities to Known Viruses >93% 88%-93% <88% Previously Characterized 
in Florida (Reference)  Component (DNA-A or DNA-B)  A B A B A B 
Closest Sequence in Genbank 
       
Citra 
       
Cucurbit leaf crumple virus 16
 a
 18
 a
 1
 c
 7
 c
 
 
1 
c
 Yes 
(59)
 
Sida golden mosaic virus 
 
2
 a +
 
    
Yes * 
Tobacco leaf rugose virus  
    
1
 c #
 
 
No 
Homestead 
       
Anoda geminivirus 1
 b
 
     
No 
Macroptilium golden mosaic virus  1
 a
 
 
4
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3
 c 
^ 
 
Yes 
(60)
 
Malvastrum yellow mosaic Helshire 
virus 
3
 b
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1
 c
 No 
Malvastrum yellow mosaic Jamaica 
virus   
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 c
 
  
1
 c @
 No 
Sida golden mosaic virus 5
 a
 29 
a
 2
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 4
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 2
 c
 12
 c
 Yes * 
Sida golden yellow vein 
virus (monopartite) 
9
 b
 
   
1
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No 
Tomato yellow leaf curl virus 
(monopartite) 
50
 a
 
 
10
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1
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Yes 
(46)
 
Wissadula golden mosaic virus 
  
1
 c
 
  
1
 c
 No 
 
Table 1. Summary of BLASTn results for the metagenomic sequences sharing 
nucleotide identities to the viruses in Genbank, showing the percent identity, and 
whether the reference viruses have been previously characterized in Florida. 
Sequences range from 100 to 700 nt in length, representing partial viral 
genomes. The whitefly viromes contain a diverse range of viral sequences, 
including a sequences similar to viruses previously described in the area, b 
sequences similar to viruses not previously identified in the area, c Sequences 
that likely belong to new virus strains and virus species. * Jones,L.A. direct 
GenBank submission. + Based on the full DNA-B sequence, this fragment 
belonged to a new strain of a novel Sida golden mosaic virus DNA-B (SiGMV – 
VEM [US:FLO:Citra]). # Based on the full DNA-A sequence, this fragment 
belonged to a new virus, tentatively named Chenopodium leaf curl virus [VEM] 
(ChLCV[VEM]). ^ Based on the full DNA-A sequence, one of the fragments 
belonged to a new virus, tentatively named Whitefly VEM 1 Begomovirus 
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(WfVEM1Bv). @ Based on the full DNA-B sequence, this fragment belonged to a 
novel DNA-B sequence, tentatively named Whitefly VEM 2 Begomovirus 
(WfVEM2Bv).  
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